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ABSTRACT
We present the results of a Keck/NIRSPEC follow-up survey of thirteen late-type T
dwarfs (T6-T9), twelve of which have unusually red or blue J−H colors. Previous work
suggests that J −H color outliers may represent the high-gravity, low-metallicity (old)
and low-gravity, solar-metallicity (young) extremes of the late-type T dwarf population.
We use medium-resolution Y - and H -band spectroscopy to probe regions of T dwarf
atmospheres that are more sensitive to gravity and metallicity variations than the J
band. We find that the spectral morphologies of our sample are largely homogeneous,
with peak-normalized, Y - and H -band morphologies consistent with spectral standards.
However, three objects stand out as potentially old, with overluminous Y -band spectra
compared to their respective spectral standards, and a fourth object stands out as
potentially young, with an underluminous Y band. Of these four objects, three have
been previously identified as potential metallicity/gravity outliers, including the one
object in our sample with a normal J-H color. We fit publicly available atmospheric
model grids to our spectra and find that the best-fit physical parameters vary depending
on the model used. As we continue to probe the characteristics of the late-T population,
differences in synthetic spectra of ∼10-20% in the blue wing of the Y band and ∼45%
at 1.65 µm, for the same physical parameters, must be reconciled. Further development
and public availability of nonsolar metallicity models is also recommended. Future
progress toward deciphering the impacts of gravity, metallicity, and variability in the
late-type T dwarf population will also require high signal-to-noise, multiwavelength and
multi-epoch photometry and spectroscopy.
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1. Introduction
Like stars, brown dwarfs are classified into spectral types (M, L, T, and Y) based on changes
in their observed spectral morphologies. These changes are predominantly, but not exclusively,
driven by changes in temperature, with the M dwarf class comprising both low-mass stars and the
warmest brown dwarfs (T eff & 2500 K), the L dwarf class comprising low-mass stars and brown
dwarfs with 2500 K & T eff & 1400 K, and the T and Y dwarf classes comprising the coldest brown
dwarfs (T eff . 1400 K; e.g. Kirkpatrick 2005; Cushing et al. 2011). Unlike main-sequence stars,
brown dwarfs are not massive enough to maintain stable hydrogen fusion in their cores. This lack
of a sustainable energy source means that brown dwarfs continuously cool as they age, creating
a degeneracy between luminosity (temperature and radius), mass, and age. Thus, independently
determining the mass and/or age of individual field brown dwarfs has long presented a challenge
to observers.
Brown dwarfs whose mass and/or age can be independently determined are so-called “bench-
mark” brown dwarfs (e.g. Pinfield et al. 2006; Liu et al. 2008; see also Marocco et al. 2017 and
the references therein for a recent discussion in the context of Gaia). Brown dwarf companions
in assumed coeval systems where the age and metallicity of the primary star are known and the
mass of the brown dwarf can be dynamically measured are ideal benchmarks, but such systems are
rare (e.g. Dupuy et al. 2009; Crepp et al. 2012). For single field objects, inferred properties from
kinematics (e.g. Dahn et al. 2002; Vrba et al. 2004; Schmidt et al. 2007; Faherty et al. 2009; Dupuy
& Liu 2012), and spectral signatures of gravity (e.g. McGovern et al. 2004; Allers & Liu 2013;
Martin et al. 2017) and metallicity (e.g. Burgasser et al. 2003b; Kirkpatrick et al. 2014; Zhang
et al. 2017) can help differentiate ages. A young brown dwarf will have a smaller mass (M) and
larger radius (R), and thus a lower surface gravity (g = GM/R2), than an older brown dwarf at
that same temperature. The metallicity of a brown dwarf is dependent on the chemical enrichment
of its natal environment. Like stars, brown dwarfs with subsolar metallicities are likely old, having
formed in more pristine environments than their younger counterparts, and brown dwarfs with su-
persolar metallicity are predominantly young. Thus, young brown dwarfs tend to have low gravity
and solar or supersolar metallicity, while old brown dwarfs mostly have higher gravity and solar or
subsolar metallicity. A well-characterized sample of brown dwarfs at a large range of temperatures,
gravities, and metallicities serves as a powerful probe of atmospheric evolution at the lowest masses
and temperatures and informs our broader understanding of Galactic evolution.
Within the last decade, spectroscopic follow-up of T dwarf candidates identified from near-
to-mid infrared imaging surveys such as the Wide-Field Infrared Survey Explorer (WISE ; Wright
et al. 2010) and the UKIRT Infrared Deep Sky Survey (UKIDSS; Lawrence et al. 2007), has more
than doubled the number of known T dwarfs, with the largest increases in the population of T
dwarfs with spectral types T5 and later (see e.g. DwarfArchives.org, and the compilation in Mace
2014). With these additions, we now have enough confirmed late-T dwarfs to identify photometric
and spectroscopic trends (e.g. Kirkpatrick et al. 2011, 2012; Burningham et al. 2013; Mace et al.
2013a) and to investigate outliers.
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T dwarfs are typically classified by their near-infrared spectra (Burgasser et al. 2006b), which
are broadly shaped by methane (CH4) and water (H2O) absorption features. The strengths of CH4
and H2O absorption are largely influenced by changes in temperature in the atmospheres of these
T dwarfs. However, the overall impact of secondary parameters such as gravity, metallicity, and
clouds on T dwarf atmospheres can be significant (e.g. Burrows et al. 2002; Burgasser et al. 2006a).
For example, collision-induced absorption (CIA) of H2 is strongly dependent on gravity and is also
metallicity dependent. Increased H2 CIA opacity in high-density, high-gravity atmospheres leads
to a suppression of the near-infrared flux in T dwarfs and is dominant in the K band (e.g. Saumon
et al. 2012). At shorter wavelengths, the shape of the blue wing of the Z/Y band is impacted by
pressure-broadening of the Na D (∼5890 A˚) and K I (∼7700 A˚) doublets in the red-optical part of
the spectrum. In low-metallicity, high-pressure photospheres, these strong alkali lines are expected
to enhance the blue wing of the Z/Y band (e.g. Burrows et al. 2002, 2006; Burgasser et al. 2006a).
The past five years have seen the discovery of the first bonafide late-T subdwarf age bench-
marks, which serve to inform the roles subsolar metallicity and high gravity play in shaping the
emergent spectral morphology of the late-T dwarf population. Mace et al. (2013b) (henceforth
M13b) presented the first unambiguous late-T subdwarf discovery, Wolf 1130C. Wolf 1130C is a
sdT8 companion to a sdM and ultramassive white dwarf binary system. Inferring metallicity from
the M dwarf, Wolf 1130C has the lowest known metallicity of a T dwarf ([Fe/H]= −0.7 ± 0.12
dex, Mace et al. 2018). This low metallicity is most evident in the peak-normalized Y -band spec-
trum of Wolf 1130C, which is unusually blue compared to the T8 spectral standard (see Figure
5 in M13b and Figure 3 in this text). Shortly after the discovery of Wolf 1130C, Pinfield et al.
(2014) presented the discovery of WISE J001354.39+063448.2 (WISE J0013+0634; T8) and WISE
J083337.83+005214.2 (WISE J0833+0052; T9). Both T dwarfs have thick disk/halo kinematics de-
rived using spectrophotometric distance estimates and their K -band spectra are suppressed; they
are likely subdwarfs. Burningham et al. (2014) presented the discovery of the sdT6.5 dwarf ULAS
J131610.28+075553.0 (ULAS J1316+0755), which displays an unusually blue Y -band spectrum
and a suppressed K band, again indicative of low metallicity and/or high gravity. Other late-T age
benchmarks with inferred subsolar metallicities include HIP 73786B (Scholz 2010; Murray et al.
2011), a T6p dwarf companion to a K8V star (Gray et al. 2003) with a metallicity of [Fe/H] =
-0.3 ± 0.1 (Cenarro et al. 2007), and BD +01◦ 2920B (T8p), a companion to a G1 dwarf with
a metallicity of [Fe/H] = -0.38 ± 0.06 (Pinfield et al. 2012; references therein). HIP 73786B is
discussed in more detail below and in Section 4.3.
Wolf 1130C not only stands out as the most metal-poor, late-T subdwarf discovered to date,
it also stands out in J −H color space with J −H = 0.068 ± 0.119 (Mace et al. 2013b). While
J − H colors become increasingly bluer with spectral type from late-L to mid-T, T dwarfs with
spectral types later than T5 tend to plateau in J − H color (e.g. Burningham et al. 2013; Mace
et al. 2013a; see Figure 1). As discussed in M13b, there are several late-T dwarfs with unusual
colors that stand out from the plateau in J − H color space. Based on MKO photometry from
the literature, M13b defined the width of the late-T, J −HMKO plateau to be −0.5 ≤ J −HMKO
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≤ −0.2 (see Figure 1). Objects with a J −HMKO color > −0.2 were defined as“red” and objects
with a J −HMKO color < −0.5 were defined as “blue.” Here we refer to objects that lie between
the M13b “red” and “blue” color cuts (-0.5 ≤ J −HMKO ≤ -0.2) as “normal.” M13b hypothesized
that red J −H color outliers (like Wolf 1130C) may represent the metal-poor/high-gravity objects
in the late-T dwarf population, and that the blue J −H color outliers may represent the converse,
namely the metal-rich/low-gravity objects. As discussed in M13b, several of the known red J −H
outliers, such as Wolf 1130C, show signs of old age, and in contrast, blue outliers show evidence of
youth. However, there are exceptions to the red and blue designations. For example, HIP 73786B
has a normal J −H color (J −H = -0.46 ± 0.04; Murray et al. 2011), only 1σ from the blue color
cut of M13b, which would suggest that it is a potentially metal-rich/low-gravity object, however,
as discussed above, its inferred metallicity is subsolar.
The goal of this work is to spectroscopically investigate the nature(s) of the late-T dwarf J−H
color outlier population, and thus to test the M13b hypothesis. To identify metallicity/gravity
trends in the late-T dwarf population, we compare spectral standards and atmospheric model grids
from BT-Settl (Allard et al. 2011, 2012), Burrows et al. (2006), Morley et al. (2012), and Saumon
et al. (2012) to medium-resolution, Keck/NIRSPEC Y - and H -band spectra of thirteen late-T
dwarfs. The Y band was chosen because of its ability to separate temperature, which is correlated
with H2O absorption at the long-wavelengths of the Y band, from gravity and metallicity, which, as
discussed above, modulate the flux at bluer wavelengths. As our objects have all been previously
spectral-typed and the spectral typing of these late-type objects is predominantly done in the
J band, we expect the least variation in J -band morphology within a given spectral type bin.
Thus, to spectroscopically test for the impact of gravity, metallicity, and additional atmospheric
parameters like clouds (e.g. Marley et al. 2010; Burgasser et al. 2010) that may lead to unusual
J − H colors, we also observed our targets in the H band. In Section 2 we describe the sample
selection, observations, and data reduction technique. Spectroscopic results are presented in Section
3. Section 4 presents an analysis of the individual spectra, including atmospheric model fitting and
a detailed comparison to spectral standards. Section 5 discusses the implications of these results
and a summary is provided in Section 6.
2. Sample, Observations, and Data Reduction
2.1. Sample Motivation and Selection
Here we present a sample of thirteen T6-T9 brown dwarfs, twelve of which are identified as
J − HMKO color outliers following the criteria outlined in M13b. The thirteenth object is HIP
73786B, which provides a potentially interesting counter-example to the M13b color hypothesis
as discussed above. Beyond imposing the M13b color criteria, we further require that all of the
objects in the sample are observable from the Northern Hemisphere and are bright enough for
medium-resolution spectroscopic follow-up with the NIRSPEC instrument (McLean et al. 1998)
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on Keck II (J < 19.5 mag). The twelve color outliers presented here, combined with Wolf 1130C,
encompass over half (13/23) of the late-T dwarf J − H color outlier population as presented in
Table 3 of M13b. A summary of our observations is presented in Table 1. Of the thirteen dwarfs
in the sample, five are classified as “red,” seven are classified as “blue,” and one, HIP 73786B, is
classified as “normal.”
1 2 3 4 5 6 7 8
H - ch2 (mag)
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-1.0
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0.0
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J -
 H
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ag
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T9/T9.5
T8/T8.5
T7/T7.5
T6/T6.5
T5/T5.5
<T5
Fig. 1.— A modified version of Figure 8 in M13b: J − H vs. H − ch2 of T dwarfs from the literature
(photometry from Albert et al. 2011, Burningham et al. 2010, 2013, Dupuy & Liu 2012, Kirkpatrick et al.
2011, 2012, Leggett et al. 2010a, 2013, 2017, Mace et al. 2013a,b, Murray et al. 2011, Scholz 2010, Thompson
et al. 2013). For T dwarfs with spectral types later than T5, H − ch2 serves as a proxy for spectral type,
with redder H − ch2 colors implying later spectral types (Kirkpatrick et al. 2011). The red and blue dashed
lines denote the color criteria of M13b; Wolf 1130C is denoted with a red square and labeled for emphasis.
Circled objects denote the targets in our sample. The color of the circle denotes a target’s M13b color
classification. Late-T dwarfs largely follow a well-defined sequence in J −H vs. H − ch2, though outliers do
exist. Investigating the cause(s) of the unusual outlier photometry is the aim of this study.
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2.2. NIRSPEC Observations and Data Reduction
All data were obtained between 2012 June and 2014 December using the medium-resolution
(R∼2000) mode of the NIRSPEC instrument (McLean et al. 1998) on the Keck II telescope.
In most cases, the targets were observed in both NIRSPEC’s N1 filter (equivalent to Y band;
∼0.95-1.12 µm) and N5 filter (equivalent to H band; ∼1.5-1.78 µm) configurations. The excep-
tions are WISE J075946.98-490454.0 (henceforth WISE J0759-4904; Kirkpatrick et al. 2011, Mace
et al. 2013a), ULAS J101721.40+011817.9 (ULAS 1017+0118; Burningham et al. 2011), and WISE
J161441.46+173935.5 (WISE J1614+1739; Kirkpatrick et al. 2011). Only Y-band spectra were ob-
tained for WISE J0759-4904 and WISE J1614+1739. Both Y- and H-band data were obtained for
ULAS J1017+0118, but the signal-to-noise ratio (S/N) for the Y-band data was ∼1-2 per resolution
element and was deemed too low for this analysis. For two objects, WISE J000517.48+373720.5
(WISE J0005+3732) and WISE J054047.00+483232.4 (WISE J0540+4832), existing NIRSPEC N3
(equivalent to J band; ∼1.15-1.35 µm) spectra are presented in Mace et al. (2013a). Table 1 also
lists previously unpublished NIRSPEC Y- and H -band spectra for T dwarf spectral standards used
in our analysis.
Unless otherwise noted in Table 1, targets and standards were observed using NIRSPEC’s
0.57′′ (3 pixel) slit in the typical AB (or ABBA) nod pattern in order to enable sky background
subtraction. Single nod exposure times were either 300 s or 600 s depending on target brightness.
For telluric corrections, an A0 standard star was observed at a similar airmass to the target star
either proceeding or following target observations. Flat field, dark, Ne and Ar arc lamp frames
(for wavelength calibration) were also observed with each target in each observing mode. All
data were reduced in IDL using the publicly available REDSPEC package1. REDSPEC performs
the standard wavelength calibration, background subtraction, flat fielding, telluric correction, and
source extraction. Absorption features in the A0 spectra are removed by interpolation before the
calibrator is used for telluric correction. The REDSPEC software is described in more detail in
McLean et al. (2003). After reduction, individual target nod pairs are averaged together to improve
S/N and a barycentric velocity correction is applied.
3. Results
The sample is comprised of one T6 dwarf, three T7/T7.5 dwarfs, seven T8/T8.5 dwarfs, and
two T9 dwarfs. In Figure 2 we present the Y - and H -band NIRSPEC spectra of the color outliers in
our sample, plotted together by spectral type. In order to detect morphological variations on a per
band basis, each Y - and H -band spectrum is normalized to the flux peak in that band, as detailed in
Section 4.2. Spectra are colored according to their J−H color (i.e. targets with a “red” J−H color
are plotted in red, and targets with a “blue” J −H color are plotted in blue). Medium-resolution
1See https://www2.keck.hawaii.edu/inst/nirspec/redspec.html
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spectral standards observed as part of the NIRSPEC Brown Dwarf Spectroscopic Survey2 (BDSS;
e.g. McLean et al. 2003) are also plotted for comparison. Except for the H -band spectrum of
the T8 standard, presented in McLean et al. (2003), the Y - and H -band NIRSPEC BDSS spectra
of the standards are presented here for the first time (see Table 1). All spectral standards were
reduced in the same manner as described in Section 2.2. Before plotting, all data (targets and
standards) were smoothed using a Gaussian profile with a width of 3 pixels. Figure 3 compares
the peak-normalized T8/T8.5 spectra with the spectrum of the extremely metal-poor, sdT8 Wolf
1130C presented in M13b.
Somewhat surprisingly, visual comparison of the targets with each other and with Wolf 1130C
suggests that the spectral morphologies of the dwarfs in this sample are more consistent with
spectral standards than Wolf 1130C. For the T8/T8.5 objects, which comprise seven of the thirteen
objects in the sample, there is no clear delineation between the unusually red and blue objects in the
sample. Instead, the targets tend to cluster around the spectral standard. The broad similarities
among the T8/T8.5 targets are particularly evident in the Y band, where the flux of the peak-
normalized Wolf 1130C is significantly broadened toward the blue end of the band, indicative of
subsolar metallicity/high gravity, whereas the targets in this sample all have much narrower and
redder flux peaks. Why is the sample so homogeneous, and why do none of the color outliers share
the same morphology as Wolf 1130C? We examine potential explanations for this homogeneity in
Section 5.
Though fairly homogeneous overall, the individual targets in the sample are not identical. For
example, one of the two T9 objects in Figure 2 is visually separated from the other color outlier and
the spectral standard in the Y band. In Section 4 we take a closer look at the individual objects
in the sample and use model and spectral standard comparison to investigate the variations among
the targets.
4. Analysis
In the following section, we investigate the range of model parameter space probed by the
targets in the sample. We also highlight and discuss the model fits and known properties of four
objects that visually deviate from their respective spectral standard. This section begins with a
brief discussion of the four publicly available atmospheric models employed in this analysis.
2BDSS spectra are available at http://bdssarchive.org or by request.
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Fig. 2.— NIRSPEC Y -band (left) and H -band (right) spectra of the color outliers in the sample plotted by spectral
type from T7 (top) to T9 (bottom). The spectra are normalized at ∼1.08 µm and ∼1.58 µm, respectively. Objects
with unusually red and blue J − HMKO colors as defined by M13b are plotted by color accordingly. The number
given in parenthesis next to each spectral type indicates the number of sample spectra over-plotted for that spectral
type and band. Spectral standards from the Brown Dwarf Spectroscopic Survey (BDSS; McLean et al. 2003), are
also over-plotted in black for comparison, but are not included in the number counts in parentheses. The spectral
standards are as follows: 2MASSI J0727182+171001 (T7; Burgasser et al. 2002, 2006b), 2MASSI J0415195-093506
(T8; Burgasser et al. 2002, 2006b), and UGPS J072227.51-054031.2 (T9; Lucas et al. 2010; Cushing et al. 2011).
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Fig. 3.— NIRSPEC Y - and H -band spectra of the T8 and T8.5 dwarfs in this sample (see Figure
2 for details) compared to theY - and H -band spectra of the metal-poor, sdT8 Wolf 1130C (gray;
M13b). The Y band of Wolf 1130C is significantly broadened toward the blue end of the band and
Wolf 1130C’s H band features both a broader peak and decreased methane absorption relative to
the flux-normalized T8/T8.5 spectra in our sample.
4.1. A Comparison of the Models
With temperatures < 1000 K, the latest-type T dwarfs pose a challenge for atmospheric mod-
eling due to the complex molecular chemistries, clouds, and disequilibrium processes present in
their atmospheres (for a detailed review of brown dwarf atmospheric model development and con-
struction see Marley & Robinson 2015). Nevertheless, several teams have made significant strides
toward modeling the atmospheres of these cool objects. We consider four sets of model atmosphere
grids in this analysis: the cloudy CIFIST 2011 version of the BT-Settl models (henceforth BT-Settl
models; Allard et al. 2011, 2012), the cloud-free models of Burrows et al. (2006) (henceforth Bur-
rows models), the sulfide cloud models of Morley et al. (2012) (henceforth Morley models), and the
cloud-free models of Saumon et al. (2012) (henceforth Saumon models). While the publicly avail-
able BT-Settl models provide nonsolar metallicity grids, the complete nonsolar set only extends
down to T eff =1000 K. subsolar metallicity spectra for limited log g values down to T eff = 800 K
are also available, but the limited nonsolar metallicity spectra were not considered in this analysis.
Though the Burrows model grid is lower resolution than the NIRSPEC data and only reaches a
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Table 2. Model Comparison
Model Short Name Reference T eff Range log g (cgs) Range Clouds? [Fe/H]
BT-Settl Allard et al. 2011, 2012 400-7000 K 3.5-5 yes 0.0a
Burrows Burrows et al. 2006 700-2300 K 4.5-5.5 nob -0.5, 0.0, +0.5c
Morley Morley et al. 2012 400-1300 K 4-5.5 yes 0.0
Saumon Saumon et al. 2012 300-1500 K 3.75-5.5 no 0.0
aNonsolar [Fe/H] CIFIST 2011 BT-Settl models are available, but do not cover the the entire range of
temperatures considered in this analysis and were thus not included in this work.
bCloudy Burrows models are available, but we only consider the clear models in this analysis.
cAt T eff = 700 K, [Fe/H] = +0.5 dex is only available for the log g = 5.0 dex case.
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minimum temperature of T eff = 700 K, it is the only publicly available model set that includes
both subsolar ([Fe/H] = -0.5 dex) and supersolar ([Fe/H] = +0.5 dex) metallicities at late-T dwarf
temperatures. The Morley and Saumon models only consider solar metallicities, but the two models
have the advantage that their main difference is in the treatment of clouds, allowing for a direct
test of the impact of clouds on the data. Table 2 summarizes the parameter space covered by each
model used in this analysis.
Figure 4 is a direct comparison of the peak-normalized, Y -, J -, and H -band spectra output
from the four models given identical input parameters (T eff = 700 K, log g = 4.5 dex (cgs), [Fe/H]
= 0 dex; fsed
3 = 3 for the Morley model spectrum). While all four models are in relatively good
agreement in the J band, the BT-Settl models predict deeper methane absorption in the H band,
and both the BT-Settl and Burrows model spectra show enhanced flux in the blue wing of the Y
band when compared to the Morley and Saumon model spectra. While these variations are not
entirely unexpected given the differences in molecular line lists, particularly for methane, and varied
treatment of alkali metals and clouds among the models, these differences must be kept in mind
when comparing the models with each other and with observed data. The physical implications of
these differences are discussed in more detail in Section 4.2.
4.2. Model Fitting
Using chi-squared minimization, we compare the target spectra to the four model grids dis-
cussed above. We normalize both data and model spectra to the flux peak in each band (∼1.08
µm in Y and ∼1.58 µm in H band) prior to fitting by calculating the robust mean of the data
within ± 0.01 µm of the flux peak and dividing each data point by that value. We fit the Y - and
H -band spectra individually for each target. Each model spectrum is smoothed to the resolution
of the target data by convolving the model data with a Gaussian profile and interpolated onto the
target’s wavelength solution before fitting. In the case of the lower-resolution Burrows models, the
spectra are only interpolated onto the NIRSPEC target’s wavelength solution before fitting.
To look for trends in our data set, we run a series of model fit tests holding one quantity fixed
(either T eff or log g) and allowing all other quantities to vary (see Tables 3 and 4). Holding one
quantity fixed (e.g. T eff) allows us to reduce the number of free parameters probed in a given fit
and to more fully explore trends in the data driven by the other parameters (e.g. log g, [Fe/H],
clouds). In the fixed effective temperature case, we hold T eff to fall within the 1σ range of T eff
for that spectral type as derived in Filippazzo et al. (2015)4, rounded to the nearest 50 K or 100
3As described in Morley et al. (2012), fsed describes the sedimentation efficiency of the atmosphere. In the Morley
models, fsed ranges from 2 to 5, with 2 indicating small particle sizes/optically thick clouds and 5 indicating large
particle sizes/optically thinner clouds.
4Filippazzo et al. (2015) used parallaxes (or, in a few cases, kinematic distances) and a combination of optical to
mid-infrared photometry and spectroscopy to determine bolometric luminosities (Lbol) for a sample of late-M, L, and
– 13 –
Y band
0.95 1.00 1.05 1.10
Wavelength (µm)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
No
rm
ali
ze
d 
Fl
ux
BT-Settl
Saumon
Morley, fsed = 3
Burrows
J band
1.15 1.20 1.25 1.30 1.35
Wavelength (µm)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
No
rm
ali
ze
d 
Fl
ux
BT-Settl
Saumon
Morley, fsed = 3
Burrows
H band
1.50 1.55 1.60 1.65 1.70 1.75
Wavelength (µm)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
No
rm
ali
ze
d 
Fl
ux
BT-Settl
Saumon
Morley, fsed = 3
Burrows
Fig. 4.— Direct comparison of the BT-Settl (gold, Allard et al. 2011, 2012), Burrows (blue; Burrows et al.
2006), Morley (green; Morley et al. 2012), and Saumon (red; Saumon et al. 2012) atmospheric models in Y, J, and
H band. All models have been peak-normalized in each spectral band and assume T eff= 700 K, log g= 4.5 dex,
and solar metallicity. The BT-Settl, Saumon, and Morley models have been binned down to match the resolution
of NIRSPEC. The Burrows models are lower resolution than the NIRSPEC data, and thus are plotted at their
native resolution. The Morley model assumes fsed= 3. There are clear differences in the peak-normalized spectral
morphologies predicted by the models at these low temperatures, particularly in the blue-wing shape of the Y band
and in the strength of the methane dropout in the H band. These differences are discussed further in Section 4.2 of
the text.
– 14 –
K to match the temperature grid spacing of the models, and allow gravity, fsed (for the Morley
models), and metallicity (for the Burrows models) to vary. However, the Burrows models do not
reach cold enough temperatures to be in the T eff range for T9 dwarfs or in the full T eff range for
T8 dwarfs as defined in Filippazzo et al. (2015). Thus, we fit our T8 and T9 spectra to the two
coldest Burrows model grids (T eff = 700 K, 800K). In the fixed gravity-case, we hold gravity fixed
at log g = 4.5 dex and allow T eff , fsed, and metallicity (where applicable) to vary. A log g of 4.5-5.0
is typical for late-type T dwarfs in the field (e.g. Burrows et al. 1997; Knapp et al. 2004). We then
visually inspected the best-fit results in each scenario by plotting the best-fit model solution for
each of the four atmospheric model grids against each target. We also calculated and examined the
Target − Model residuals for each model. Example best-fit results for WISE J1812+2721, a T8.5
“blue” target in our sample, at fixed T eff and gravity are shown in Figures 5 and 6 respectively.
The residuals have been binned down for clarity.
4.2.1. Y-band Fits for Fixed Teff Range
With T eff fixed, we are able to investigate the impact of gravity, metallicity, and fsed where
applicable, on the data set (see Table 3). The intra-model variation between the best-fit values for
each object of a given spectral type is typically small. For example, when compared to the Burrows
model grid, five of the six T8/T8.5 targets in our sample with Y -band spectra are best-fit by the
exact same model (T eff = 800 K, log g = 5.5 dex, and [Fe/H] = +0.5 dex). The sixth target, ULAS
J0950+0117, is best-fit by the T eff = 800 K, log g = 4.5 dex, and [Fe/H] = +0.5 dex Burrows
model spectrum and is discussed in more detail in Section 4.3. The standard deviation in best-fit
model parameters for the BT-Settl, Morley, and Saumon models are typically within one step5 in
the model grid (∆T eff < 100 K, ∆log g ≤ 0.5 dex, ∆fsed < 1). The lack of intra-model dispersion
between individual target fits of the same spectral type implies that there is no distinct trend in
model fit with J −H color (see Section 5 for a discussion of the homogeneity of the sample).
While the variation between the best-fit results for each spectrum given a specific model grid
is typically less than a step size, there are more significant variations in best-fit results across the
four model grids. As discussed in Section 4.1, the BT-Settl models and the Burrows models predict
enhanced flux in the blue wing of the Y band when compared to the Morley and Saumon models at
the same T eff and log g values. When all four models are independently fit to the same target with
T eff fixed, the best-fit BT-Settl models tend to have a lower gravity (for most spectra, log g = 3-3.5
dex) compared to the best-fit model spectra from the other three model grids. The lower gravity
T dwarfs. They then combined their measured Lbol with radii determined from evolutionary models to derive a semi-
empirical T eff versus spectral type relation for the young and field brown dwarf populations. The rms uncertainty
on the T eff fit is 113 K.
5The typical parameter step sizes for the model grids considered in this analysis are ∆T eff = 100 K, ∆log g = 0.5
dex, ∆fsed = 1, though some model grids have finer sampling for smaller ranges of T eff and log g.
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Fig. 5.— Comparison of the Y - (left) and H -band (right) spectra for the bluest T8.5 dwarf in the sample, WISE
J1812+2721, to the best-fit atmospheric models for the BT-Settl (gold), Burrows (blue), Morley (green), and Saumon
(red) grids obtained while holding T eff fixed to fall within the 1σ range of T eff as defined in Filippazzo et al. 2015
and described in Section 4.2. The target spectrum is plotted in black. The best-fit model spectrum and the resulting
residuals, with 1σ target error bars, for the BT-Settl (gold diamonds), Burrows (blue triangles), Morley (green circles),
and Saumon (red squares) model atmosphere grids are also plotted. For the H -band spectrum, the models are only
fit to the 1.5-1.59 µm region. Note that the BT-Settl model overestimates the flux of the target in the 1.05 µm region
of the Y band.
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Fig. 6.— Comparison of the Y - (left) and H -band (right) spectra for the bluest T8.5 dwarf in the sample,
WISE J1812+2721, to the best-fit atmospheric models for the BT-Settl, Burrows, Morley, and Saumon grids
while holding log g = 4.5 dex. See Figure 5 for more details.
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serves to narrow the overall Y -band flux peak, notably decreasing the flux in the blue wing of the
Y band as discussed in the Introduction. Even with lower best-fit gravities than the other model
grids, the BT-Settl models tend to overestimate the flux for most of our targets and the NIRSPEC
spectral standards in the ∼1.05 µm region (see e.g. Figure 5). The Burrows model grid also predicts
enhanced flux in the blue wing of the Y band compared to the equivalent T eff and log g Morley
and Saumon model grids. However, the Burrows model grid does not span the full range of gravity
space that the BT-Settl grid probes, only allowing 4.5 dex < log g < 5.5 dex. Instead, to account
for an excess blue-wing flux, the Burrows best-fit model spectra for nine of the twelve targets in our
sample with Y -band spectra feature a supersolar [Fe/H], which similarly decreases the blue-wing
flux. It should be noted that these nine objects include both red and blue outliers, so again there
is no color trend associated with this result. The three remaining targets (HIP 73786B, CFBDS
J0301-1614, and WISE J1614+1739) are fit by solar-metallicity Burrows models and are discussed
individually in Section 4.3. In most cases the Morley and Saumon best-fit model spectra for a given
object agree to within ∆T eff ≤ 100 K and log g ≤ 0.5 dex, and most targets are fit with Morley
fsed = 4 or 5 (see Section 5.2 for more discussion on clouds and variability).
4.2.2. Y-band Fits for Fixed log g
With gravity fixed to log g = 4.5 dex, we are able to probe the impact of T eff , metallicity, and
fsed on the data set (see Table 4). The fixed gravity results are very similar to those determined in
the fixed T eff scenario. For every target, the Burrows models reproduce the same best-fit [Fe/H]
value in both scenarios. For most targets, the best-fit T eff at fixed gravity for each model grid
agrees within 100 K of the best-fit value derived for that model grid in the fixed T eff scenario.
There are only three targets that have at least one model fit T eff value more than 150 K from
the value obtained for that model in the fixed T eff scenario. These exceptions are CFBDS J0301-
1614, HIP 73786B, and WISE J1617+1807. For CFBDS J0301-1614 and HIP 73786B, the Morley
T eff values vary by 300 K and 350 K, respectively, and the fsed values also vary by 3 and 2 steps,
respectively. Both of these objects stand out in the fixed T eff case as well and are discussed in more
detail below. For WISE J1617+1807 the Burrows temperatures differ by 200 K and the Morley
temperatures differ by 250 K. WISE J1617+1807 is well matched by the T8 spectral standard (see
Appendix A), showing no strong evidence for spectral peculiarity. WISE 1617+1807 highlights the
need for caution when assigning physical properties to individual targets based on a single model
fit over a narrow wavelength region. We measure and provide individual fit values in Tables 3 and
4 to identify trends and outliers, but do not assign specific T eff , log g, and metallicity values to
individual targets.
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Table 3. Y - and H -band Model Fits: Fixed T eff
Y band H band
Short Name SpT Model a,b T eff log g [Fe/H] fsed T eff log g [Fe/H] fsed
WISE J0005+3737 T9
BT-Settl (fixed T eff range) 550 3 - - 600 5 - -
Burrows (fixed T eff range) 800
c 4.5 0.5 - 700c 4.5 0 -
Morley (fixed T eff range) 450 4 - 4 600 5.5 - 4
Saumon (fixed T eff range) 450 4.25 - - 600 3 - -
ULAS J0139+0048 T7.5
BT-Settl (fixed T eff range) 800 3 - - 950 5.5 - -
Burrows (fixed T eff range) 900 4.5 0.5 - 900 4.5 -0.5 -
Morley (fixed T eff range) 800 4 - 5 900 5.5 - 4
Saumon (fixed T eff range) 800 3 - - 950 3.75 - -
CFBDS J0301-1614 T7p
BT-Settl (fixed T eff range) 700 3.5 - - 700 5 - -
Burrows (fixed T eff range) 700 5 0 - 700 4.5 0 -
Morley (fixed T eff range) 700 4 - 5 700 4.5 - 5
Saumon (fixed T eff range) 700 4.5 - - 700 5.5 - -
WISE J0540+4832 T8.5
BT-Settl (fixed T eff range) 800 3.5 - - 800 3 - -
Burrows (fixed T eff range) 800
c 5.5 0.5 - 800c 5.5 0.5 -
Morley (fixed T eff range) 700 4.5 - 5 700 5 - 5
Saumon (fixed T eff range) 750 4.75 - - 800 5 - -
WISE J0759-4904 T8
BT-Settl (fixed T eff range) 800 3.5 - - N/A N/A N/A N/A
Burrows (fixed T eff range) 800
c 5.5 0.5 - N/A N/A N/A N/A
Morley (fixed T eff range) 700 4 - 3 N/A N/A N/A N/A
Saumon (fixed T eff range) 800 4.75 - - N/A N/A N/A N/A
CFBDS J0922+1527 T7
BT-Settl (fixed T eff range) 850 3.5 - - 950 3.5 - -
Burrows (fixed T eff range) 900 5.5 0.5 - 900 5.5 0 -
Morley (fixed T eff range) 800 4.5 - 3 900 5 - 4
Saumon (fixed T eff range) 900 5 - - 950 5 - -
ULAS J0950+0117 T8p
BT-Settl (fixed T eff range) 550 4 - - 800 3 - -
Burrows (fixed T eff range) 800
c 4.5 0.5 - 800c 5.5 0 -
Morley (fixed T eff range) 550 4 - 5 800 5 - 5
Saumon (fixed T eff range) 550 4 - - 800 5 - -
ULAS J1017+0118 T8p
BT-Settl (fixed T eff range) N/A N/A N/A N/A 800 3.5 - -
Burrows (fixed T eff range) N/A N/A N/A N/A 800
c 4.5 -0.5 -
Morley (fixed T eff range) N/A N/A N/A N/A 800 5 - 4
Saumon (fixed T eff range) N/A N/A N/A N/A 800 5.5 - -
HIP 73786B T6p
BT-Settl (fixed T eff range) 950 5.5 - - 1100 5 - -
Burrows (fixed T eff range) 1000 5.5 0 - 1100 5.5 0 -
Morley (fixed T eff range) 900 5.5 - 4 1000 5.5 - 4
Saumon (fixed T eff range) 900 5.5 - - 1100 5.5 - -
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Table 3—Continued
Y band H band
Short Name SpT Model a,b T eff log g [Fe/H] fsed T eff log g [Fe/H] fsed
WISE J1614+1739 T9
BT-Settl (fixed T eff range) 550 3 - - N/A N/A N/A N/A
Burrows (fixed T eff range) 700
c 4.5 0 - N/A N/A N/A N/A
Morley (fixed T eff range) 600 5 - 5 N/A N/A N/A N/A
Saumon (fixed T eff range) 550 3 - - N/A N/A N/A N/A
WISE J1617+1807 T8
BT-Settl (fixed T eff range) 800 4.5 - - 800 3 - -
Burrows (fixed T eff range) 800
c 5.5 0.5 - 800c 5 0 -
Morley (fixed T eff range) 550 5 - 5 800 5 - 5
Saumon (fixed T eff range) 800 5.5 - - 800 5.5 - -
WISE J1812+2721 T8.5
BT-Settl (fixed T eff range) 650 3 - - 800 3 - -
Burrows (fixed T eff range) 800
c 5.5 0.5 - 800c 5.5 0.5 -
Morley (fixed T eff range) 700 4 - 5 700 5 - 5
Saumon (fixed T eff range) 700 4.75 - - 800 5 - -
Wolf 940B T8.5
BT-Settl (fixed T eff range) 800 3.5 - - 800 3 - -
Burrows (fixed T eff range) 800
c 5.5 0.5 - 800c 5.5 0.5 -
Morley (fixed T eff range) 700 4.5 - 5 700 5 - 4
Saumon (fixed T eff range) 600 4.75 - - 800 5.5 - -
aModel Citations: BT-Settl – Allard et al. (2011, 2012), Burrows – Burrows et al. (2006), Morley – Morley et al. (2012),
Saumon – Saumon et al. (2012)
b“Fixed T eff range” implies the best fit is obtained for each model while holding T eff fixed to fall within the 1σ range of
T eff for a given spectral type (rounded to the nearest 50 K or 100 K to match the temperature grid spacing of the models) as
defined in Filippazzo et al. (2015). All other parameters (log g, [Fe/H], fsed) are allowed to vary.
cThe Burrows models used in this analysis do not reach cold enough temperatures to be in the T eff range for T9 dwarfs
or in the full T eff range for T8 dwarfs as defined in Filippazzo et al. (2015). Thus, we fit our T8 and T9 spectra to the two
coldest Burrows model grids (T eff = 700 K, 800 K).
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Table 4. Y - and H -band Model Fits: Fixed log g
Y band H band
Short Name SpT Model a,b T eff log g [Fe/H] fsed T eff log g [Fe/H] fsed
WISE J0005+3737 T9
BT-Settl (fixed log g) 700 4.5 - - 500 4.5 - -
Burrows (fixed log g) 800 4.5 0.5 - 700 4.5 0 -
Morley (fixed log g) 450 4.5 - 5 600 4.5 - 3
Saumon (fixed log g) 500 4.5 - - 700 4.5 - -
ULAS J0139+0048 T7.5
BT-Settl (fixed log g) 750 4.5 - - 1000 4.5 - -
Burrows (fixed log g) 900 4.5 0.5 - 900 4.5 -0.5 -
Morley (fixed log g) 800 4.5 - 5 1000 4.5 - 2
Saumon (fixed log g) 850 4.5 - - 1150 4.5 - -
CFBDS J0301-1614 T7p
BT-Settl (fixed log g) 750 4.5 - - 550 4.5 - -
Burrows (fixed log g) 800 4.5 0 - 700 4.5 0 -
Morley (fixed log g) 400 4.5 - 2 600 4.5 - 3
Saumon (fixed log g) 700 4.5 - - 700 4.5 - -
WISE J0540+4832 T8.5
BT-Settl (fixed log g) 800 4.5 - - 950 4.5 - -
Burrows (fixed log g) 900 4.5 0.5 - 800 4.5 0 -
Morley (fixed log g) 700 4.5 - 5 700 4.5 - 4
Saumon (fixed log g) 750 4.5 - - 800 4.5 - -
WISE J0759-4904 T8
BT-Settl (fixed log g) 800 4.5 - - N/A N/A N/A N/A
Burrows (fixed log g) 900 4.5 0.5 - N/A N/A N/A N/A
Morley (fixed log g) 800 4.5 - 5 N/A N/A N/A N/A
Saumon (fixed log g) 800 4.5 - - N/A N/A N/A N/A
CFBDS J0922+1527 T7
BT-Settl (fixed log g) 850 4.5 - - 950 4.5 - -
Burrows (fixed log g) 1000 4.5 0.5 - 1100 4.5 0 -
Morley (fixed log g) 800 4.5 - 3 1000 4.5 - 5
Saumon (fixed log g) 900 4.5 - - 1050 4.5 - -
ULAS J0950+0117 T8p
BT-Settl (fixed log g) 550 4.5 - - 950 4.5 - -
Burrows (fixed log g) 800 4.5 0.5 - 700 4.5 -0.5 -
Morley (fixed log g) 400 4.5 - 5 800 4.5 - 3
Saumon (fixed log g) 400 4.5 - - 900 4.5 - -
ULAS J1017+0118 T8p
BT-Settl (fixed log g) N/A N/A N/A N/A 950 4.5 - -
Burrows (fixed log g) N/A N/A N/A N/A 1000 4.5 0 -
Morley (fixed log g) N/A N/A N/A N/A 900 4.5 - 5
Saumon (fixed log g) N/A N/A N/A N/A 950 4.5 - -
HIP 73786B T6p
BT-Settl (fixed log g) 950 4.5 - - 1050 4.5 - -
Burrows (fixed log g) 1100 4.5 0 - 1000 4.5 -0.5 -
Morley (fixed log g) 550 4.5 - 2 1100 4.5 - 2
Saumon (fixed log g) 1000 4.5 - - 1300 4.5 - -
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Table 4—Continued
Y band H band
Short Name SpT Model a,b T eff log g [Fe/H] fsed T eff log g [Fe/H] fsed
WISE J1614+1739 T9
BT-Settl (fixed log g) 700 4.5 - - N/A N/A N/A N/A
Burrows (fixed log g) 700 4.5 0 - N/A N/A N/A N/A
Morley (fixed log g) 550 4.5 - 5 N/A N/A N/A N/A
Saumon (fixed log g) 550 4.5 - - N/A N/A N/A N/A
WISE J1617+1807 T8
BT-Settl (fixed log g) 800 4.5 - - 950 4.5 - -
Burrows (fixed log g) 1000 4.5 0.5 - 900 4.5 0 -
Morley (fixed log g) 800 4.5 - 4 800 4.5 - 4
Saumon (fixed log g) 900 4.5 - - 900 4.5 - -
WISE J1812+2721 T8.5
BT-Settl (fixed log g) 750 4.5 - - 950 4.5 - -
Burrows (fixed log g) 800 4.5 0.5 - 800 4.5 0 -
Morley (fixed log g) 700 4.5 - 5 700 4.5 - 3
Saumon (fixed log g) 700 4.5 - - 800 4.5 - -
Wolf 940B T8.5
BT-Settl (fixed log g) 800 4.5 - - 950 4.5 - -
Burrows (fixed log g) 900 4.5 0.5 - 800 4.5 0 -
Morley (fixed log g) 700 4.5 - 5 700 4.5 - 3
Saumon (fixed log g) 750 4.5 - - 800 4.5 - -
aModel Citations: BT-Settl – Allard et al. (2011, 2012), Burrows – Burrows et al. (2006), Morley – Morley et al.
(2012), Saumon – Saumon et al. (2012)
b‘Fixed log g’ reports the best fit obtained for each model while holding log g = 4.5 dex and allowing all other parameters
to vary.
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4.2.3. H-band Fits
The 1.6 µm methane absorption in the H band of the target spectra is poorly matched by
all four atmospheric model grids considered in this analysis. Incomplete methane line lists in the
models are likely to be the dominant cause of the lack of agreement (e.g. Saumon et al. 2012). To
minimize the impact of a poor methane fit on the overall model fit results, we only fit the 1.5-1.59
µm region of the H -band spectrum. As illustrated in Figures 5 and 6, even in the 1.5-1.59 µm
region the best-fit atmospheric models tend to provide a poorer fit to the data than the Y -band
fits. This is reflected in a larger scatter in the best-fit intra-model H -band results for both the fixed
T eff and fixed log g cases compared to the Y-band results. However, as is the case for the Y band,
neither the intra-model or the inter-model scatter is associated with a trend in J −H color.
Even with the larger scatter, there are some general trends among the model fits. In the fixed
T eff case, the best-fit BT-Settl models tend to predict a lower gravity (for most spectra, log g =
3-3.5 dex) than the best-fit model spectra from the other three model grids, as they did in the Y
band. Also, the Morley and Saumon log g results are on average about 0.5 dex higher than in the
Y -band fits. In the fixed log g case, the BT-Settl, Morley, and Saumon best-fit results for each
object are either warmer or the same temperature than the best-fit result for that object in the Y
band. The only exception to this is CFBDS J0301-1614, which is poorly fit by all model grids in
the H band and is discussed in more detail below. Constrained to a fixed log g = 4.5 dex, seven of
the eleven targets with H -band spectra are fit by significantly cloudy (fsed = 2-3) Morley models.
This last result is likely unphysical, driven by forcing log g = 4.5 dex. A lower gravity decreases
the width of the flux peak in a normalized H band, and a cloudy atmosphere compensates by
increasing the width of the blue wing of the H band (see Figure 12). When log g is allowed to vary
in the fixed T eff scenario, the H -band Morley best-fits on average have log g = 5.0 dex and fsed =
4-5.
Ultimately, comparing the Y - and H -band spectra of the target sample to the BT-Settl,
Burrows, Morley, and Saumon models serves to illustrate the differences among the models and
highlights the difficulty of modeling the atmospheres of the coldest products of the star formation
process. However, the overall homogeneity of the sample is supported by the similarity of the best-
fit results for each model grid. The Y -band model fits in particular also identify four potentially
unusual targets worth further discussion. These targets are addressed in the next section.
4.3. Characteristics of Unusual Objects in the Sample
ULAS J150457.65+053800.8 (HIP 73786B):
HIP 73786B (T6p) is a known wide-separation, proper motion companion to HIP 73786A (Scholz
2010; Murray et al. 2011), which has a K8V spectral type (Gray et al. 2003). Based on WFCAM
photometry from Murray et al. (2011), HIP 73768B’s J−H color is classified as “normal.” However
there is strong evidence that this object is unusual. HIP 73786B has an inferred distance of
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Fig. 7.— Comparison of the Y - (left) and H -band (right) spectra of HIP 73786B (T6p; blue) to BDSS T4.5-
T7 brown dwarfs with Y - and H -band spectra including: the T4.5 dwarf, 2MASS J05591914-1404488 (2MASS
J0559-1404; Burgasser et al. 2000, 2006b) plotted in pink, the T5.5 dwarf 2MASSI J2356547-155310 (2MASS J2356-
1553; Burgasser et al. 2002, 2006b) plotted in green, the likely subsolar metallicity/high-gravity T6p dwarf, 2MASS
J09373487+2931409 (2MASS J0937+2931; Burgasser et al. 2002, 2006b) plotted in black, and the T7 spectral stan-
dard, 2MASSI J0727182+171001 (2MASS J0727+1710; Burgasser et al. 2002, 2006b) plotted in gray. The target-
comparison residuals show that 2MASS J0937+2931 (black triangles) is the best match for HIP 73786B in the Y
band, supporting the Burningham et al. (2014) result and further suggesting that HIP 73786B is metal-poor and/or
has a high gravity, consistent with the slightly metal-poor primary. The BDSS library does not include a NIRSPEC
N5 (H -band) spectrum of 2MASS J0937+2931, but the H band is well matched by 2MASS J2356-1553 (green circles),
a typical field dwarf of a similar spectral type to HIP 73786B. The agreement between 2MASS J2356-1553 and HIP
73786B in the H band implies that this object, while likely metal-poor/high gravity, has less extreme parameters than
Wolf 1130C. The 2MASS J0559-1404 residuals are shown in pink triangles and the 2MASS J0727+1710 residuals are
shown in gray diamonds.
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18.6 ± 0.97 pc (van Leeuwen 2007) and a metallicity of [Fe/H] = -0.3 ± 0.1 dex (Cenarro et al.
2007), inferred from the properties of the primary. Burningham et al. (2014) presented a R∼120
IRTF/SpeX (Rayner et al. 2003) spectrum of this object and showed that the Y -band flux peak
is enhanced and the K -band is depressed, indicative of low metallicity/high gravity. In Figure 7,
we compare the peak-normalized NIRSPEC Y - and H -band spectra of HIP 73786B to BDSS T
dwarfs from the literature (McLean et al. 2003) and to a previously unpublished (see Table 1) BDSS
Y -band spectrum of the T6p dwarf 2MASS J09373487+2931409 (2MASS J0937+2931; Burgasser
et al. 2002, 2006b). Supporting the Burningham et al. (2014) result, we find that the Y -band
NIRSPEC data is best matched by the Y -band spectrum of 2MASS J0937+2931, which is likely
metal-poor/high gravity (e.g. Burgasser et al. 2002, 2003a, 2006b). All four best-fit model spectra
at a fixed T eff range are also consistent with high gravity in the Y band and the truncated H
band, including the BT-Settl model (see Table 3). Unlike Wolf 1130C, which has an enhanced H
band compared to other T8 brown dwarfs, the H -band spectrum of HIP 73786B is reasonably well
matched by the T5.5 dwarf, 2MASSI J2356547-155310 (2MASS I2356-1553, Burgasser et al. 2002,
2006b). The comparatively “normal” H -band spectrum may explain why HIP 73786B does not
have an unusually red J −H color for its spectral type.
CFBDS J030135.11-161418.0:
Albert et al. (2011) present an H -band spectrum of CFBDS J0301-1614 and use H -band spectral
indices from Burgasser et al. (2000) to classify this object as a T7 dwarf. Comparing CFBDS
J0301-1614’s red J − Ks and H − Ks colors to BT-Settl models, Albert et al. 2011 find that
CFBDS J0301-1614 may be low gravity and/or high metallicity. In Figure 8, we compare our
peak-normalized CFBDS J0301-1614 Y - and H -band spectra to both the T7 and T8 spectral
standards. We find that CFBDS J0301-1614 is underluminous in both wings of the Y band when
compared to the T7 spectral standard. The T8 spectral standard provides a better fit to the red
wing of the Y band, but the blue wing of CFBDS J0301-1614 is still depressed relative to the T8
standard, consistent with the low-gravity/high-metallicity hypothesis of Albert et al. (2011). In the
H band, the target is slightly better matched by the T8 standard than the T7 standard, which is
potential further evidence of low gravity/high metallicity as high gravity/low metallicity enhances
the H band as seen in Wolf 1130C (e.g. Figure 3). Like the other three targets in this section,
CFBDS J0301-1614’s best-fit model results in the Y band stand out from the bulk of the sample,
though the model results vary. CFBDS J0301-1614 is classified as blue based on the M13b color
criteria and does indeed show spectral signatures low gravity/high metallicity, indicative of youth.
Additional spectral coverage in J band, to confirm its H -band determined spectral type, and K
band, to further test for the impact of low gravity/high metallicity, would be valuable for further
investigation into this peculiar object.
ULAS J095047.28+011734.3:
Like Wolf 1130C, ULAS J0950+0117 (T8p) was identified as a wide-separation, binary companion
to a low-metallicity, M dwarf primary (LHS 6176, [Fe/H] = -0.3 ± 0.1 dex; Luhman et al. 2012;
Burningham et al. 2013). We find that the H -band NIRSPEC spectrum of ULAS J0950+0117 is
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Fig. 8.— CFBDS J0301-1614 (T7; Albert et al. 2011) compared to the T7 (black) and T8 (green)
spectral standards. CFBDS J0301-1614 is plotted in blue to reflect its blue J − H color. Target
− standard residuals for the T7 standard are plotted in black squares and the Target − standard
residuals for the T8 standard are plotted in green triangles. In the Y band (left), CFBDS J0301-
1614 is underluminous in the blue-wing when compared to both spectral standards. In the H band
(right), the target is marginally suppressed compared to both spectral standards. Both the Y - and
H -band results are suggestive of high metallicity/low gravity.
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Fig. 9.— ULAS J0950+0117 (T8p; Luhman et al. 2012; Burningham et al. 2013) compared to
the T8 spectral standard (black). Target − standard residuals are plotted in black squares. In
the Y band, ULAS J0950+0117 is overluminous in the blue wing when compared to the standard
indicative of low metallicity/high gravity, though the H band is well matched by the T8 standard.
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well-fit by the T8 spectral standard, but that the blue wing of the Y band is marginally enhanced
relative to the spectral standard (see Figure 9), potentially consistent with low-metallicity/high-
gravity. Mace et al. (2013a) present a Magellan/FIRE spectrum of ULAS J0950+0117 and also find
that the Y band is slightly enhanced. They also detect a slightly enhanced H band and suppressed
K band, though they do not classify the object as peculiar due to a low S/N. Our NIRSPEC Y -
band spectrum is poorly fit by the atmospheric models, though the truncated H -band model fits
are consistent with the other T8/T8.5 brown dwarfs in this sample. The lack of peculiarity in the H
band is unexpected given the unusually red J−H color presented in Mace et al. (2013a). However,
ULAS J0950+0117 has another H -band photometric measurement from Burningham et al. (2013)
that implies a normal J − H color (see Table 5). As discussed in Section 5, further photometric
follow-up to resolve the discrepant photometry is recommended.
WISE J161441.46+173935.5:
WISE J1614+1739 was identified as part of the follow-up of WISE color-selected brown dwarf
candidates (T9; Kirkpatrick et al. 2011). WISE J1614+1739 is not a known companion and
Gelino et al. (2011) found no evidence of a close-in, substellar companion to WISE J1614+1739
in high-resolution imaging follow-up. Liu et al. (2012) note that the Y − J and J − H band
photometry of this object from Kirkpatrick et al. (2011) are unusual and they exclude it from their
analysis. Leggett et al. (2013) also remark that WISE 1614+1739 stands out as red in J − H
color space and suggests that more photometric follow-up is required to ensure that the red color is
physical, not instrumental. In spite of the large error bars on the residual plot due to the extremely
faint nature (J ∼ 19, see Table 5) of this target, we find that WISE J1614+1739 stands out as
overluminous in the blue wing of the Y band when compared to the T9 spectral standard (see
Figure 10), suggesting that it may be low-metallicity/high-gravity. Like ULAS J0950+0117, WISE
J1614+1739 has discrepant H -band photometry in the literature (see Table 5 and Section 5). Both
H -band photometric and spectroscopic follow-up on this object would confirm whether this object
has an enhanced Y band and normal H band like HIP 73786B or both an enhanced Y and H band
like Wolf 1130C.
4.4. Characteristics of other Objects in the Sample
Here we outline the known spectral properties of targets in our sample that do not deviate from
their spectral standard. Targets are organized by spectral type. Individual standard comparison
plots, including residuals, for the objects discussed in this section are available in Appendix A.
CFBDS J092250+152741:
CFBDS J0922+1524 was first discovered by Reyle et al. (2010). They present an H -band spectrum
of CFBDS J0922+1524 and type it as a T7 dwarf based on the H -band spectral indices from
Burgasser et al. (2006b). We present the first Y -band spectrum of this object. We find that this
blue object is well matched by the spectral standard in both the Y band and the H band.
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Fig. 10.— WISE J1614+1739 (T9; Kirkpatrick et al. 2011) compared to the T9 spectral standard
(black). Target − standard residuals are plotted in black squares. We find that the Y -band
spectrum is overluminous in the blue wing when compared to the standard suggesting that this
object may be metal-poor/high gravity.
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ULAS J013939.77+004813.8:
ULAS J0139+0048 (T7.5) was discovered by Chiu et al. (2008). Chiu et al. (2008) present two sets
of near-infrared photometry that classify the J−H color of this object as red and blue, respectively
(see Section 5 for a discussion of the photometry of the sample). Comparing ULAS 0139+0048’s
HMKO − ch2 to evolutionary models based on Marley et al. (2002) and Saumon & Marley (2008),
Leggett et al. (2010a) estimate a T eff ≈ 850 K, log g ≈ 5 dex, and [m/H] ≈ 0 dex. We also do not
find this object to be peculiar: neither spectral band shows significant variation from the spectral
standards.
WISE J075946.98-490454.0:
WISE J0759-4904 was identified as part of the WISE team follow-up of brown dwarf candidates
(T8; Kirkpatrick et al. 2011). We find that this red object’s Y -band spectrum is well matched by
the T8 spectral standard.
ULAS J101721.40+011817.9:
Discovered by Burningham et al. (2008), ULAS J1017+0118 is classified as T8p due to a reported
dearth of methane absorption in its H -band spectrum. Burningham et al. (2008) compare the
spectrum to solar-metallicity BT-Settl model spectra and estimate its T eff to be between 750-850
K, and log g between 5-5.5 dex. In contrast, Leggett et al. (2010a) compare near-infrared and
Spitzer photometry of ULAS J1017+0118 to evolutionary models and suggest that the target may
be low gravity (log g = 4-4.5 dex) or high metallicity. Based on the M13b color criteria, ULAS
J1017+0118 is classified as blue/young. The gravity results from this work’s truncated H -band
model fits are highly model dependent and range from log g = 3.5 dex (BT-Settl) to log g = 5.5
dex (Saumon). Comparing to spectral standards, we find that the H -band spectrum of ULAS
J1017+0118 is slightly better matched to the T7 standard, though the T8 standard also provides
a reasonable match to the target spectrum.
WISE J161705.74+180714.1:
WISE J1617+1807 (T8) was identified by Burgasser et al. (2011) as a potentially cloudy, cool
(T eff = 600 ± 30 K), low-gravity (log g = 4.0 ± 0.3 dex) T dwarf by comparison of a near-infrared
spectrum from Magellan/FIRE (Simcoe et al. 2010) to the Saumon & Marley (2008) atmospheric
models. The blue J −H color of this object supports the Burgasser et al. (2011) result. We find
that the target is well matched by its spectral standard in both NIRSPEC Y and H bands. In
general, the model fits to this object are in good agreement with the other T8/T8.5 targets in the
sample, with the exception of the Morley fit in the Y -band fixed log g case, as discussed in Section
4.2.2.
WISE J054047.00+483232.4:
WISE J0540+4832 is a T8.5 dwarf discovered by Mace et al. (2013a). We present the first Y - and
H -band spectra of this object. We find that this red object’s spectrum is intermediate between the
T8 and T9 standard in both the Y and H bands, as supported by its spectral type.
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WISE J181210.85+272144.3:
Like WISE J1617+1804, WISE J1812+2722 (T8.5:) was identified by Burgasser et al. (2011) as a
cool (T eff = 620 ± 30 K), low-gravity (log g = 4.3 ± 0.3 dex), late-type T dwarf. Except for the
Burrows fit, which prefers a log g = 5.5 dex, our Y -band model results are also consistent with low
gravity. The truncated H -band gravity fits are consistent with the other T8/T8.5 dwarfs in the
sample. Compared to NIRSPEC BDSS spectral standards, the Y band is perhaps slightly narrower
than the T9 standard, but not significantly. The H band is better fit by the T9 standard in the
flux peak, but is equally well-fit by the T8 and T9 standards in the methane band.
ULAS J214638.83-001038.7 (Wolf 940B):
Discovered by Burningham et al. (2009), Wolf 940B (T8.5) is the companion of an M4 dwarf.
Burningham et al. (2009) derive a metallicity of [Fe/H] = -0.06 ± 0.20 dex for the system. Leggett
et al. (2010b) present low-resolution Spitzer mid-infrared spectrum of Wolf 940B from 7.5 to 14.2
µm and include a detailed analysis of the metallicity of Wolf 940B, concluding that the metallicity
of Wolf 940B is within ∼0.2 dex of solar. The blue J −H color of this object supports the Leggett
et al. (2010b) result. Both the Y - and H -band spectra of Wolf 940B are well matched by the T9
standard.
WISE J000517.48+373720.5:
WISE J0005+3737 was identified as part of the WISE team follow-up of brown dwarf candidates
(T9; Kirkpatrick et al. 2012). Leggett et al. (2015) present new near-infrared photometry from
Gemini/NIRI that is discrepant with the WISE team photometry presented in Mace et al. (2013a)
(see Section 5). We present the first Y - and H -band spectra of this object. We find that the
T9 standard is an exceedingly good match to the H -band spectrum of WISE J0005+3737. The
Y -band spectrum is marginally underluminous compared to the T9 standard in the ∼1.05-1.10 µm
region, but the rest of the Y -band spectrum is an excellent match to the standard. There is no
clear spectroscopic evidence of extreme metallicity/gravity in this object.
5. Discussion
In Section 4 we show that comparing the target spectra to atmospheric models by holding T eff
or log g fixed reveals similarities and differences among the four atmospheric model grids used in
this analysis, but does not reveal any general physical trends in the sample that correlate with the
J −H color. Comparing each individual target in the sample to spectral standards from the BDSS
further supports the overall homogeneity of the sample, though there are a few objects that stand
out as unusual. In this section, we discuss the observational and physical mechanisms that could
be driving the J −H colors of the sample.
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5.1. Discrepant Photometry in the Literature
Leggett et al. (2015) report near-infrared MKO photometry for 18 known late-T and Y dwarfs.
Fourteen of these objects had MKO or MKO-like photometry in the literature presented by the
WISE team (Kirkpatrick et al. 2012, 2013; Beichman et al. 2013, 2014; Mace et al. 2013a). Of the
14 objects that overlap in the WISE team and Leggett et al. samples, five objects have discrepant
(> 2 σ) J - and/or H -band magnitudes. Two of these objects are in our sample of color outliers:
WISE J0005+3737 and WISE J1614+1739. Both objects are classified as unusually red based on
WISE team photometry, but would not be classified as color outliers based on the Leggett et al.
(2015) photometry (see Table 5).
Leggett et al. (2015) argue that atmospheric variability in the 14 overlapping T and Y dwarfs
is likely too small to account for the discrepancies in the near-infrared photometry, which can differ
by up to a magnitude between datasets. A large near-infrared study of late-T/Y dwarf variability
is still needed to statistically characterize the impact of variability on the near-infrared photometry
of these late-type objects (see also Littlefair et al. 2017). However, detections of near-infrared
variability from a handful of mid- to late-T dwarfs with typical peak-to-peak amplitudes < 10%
(e.g. Buenzli et al. 2012, 2014; Radigan et al. 2012, 2014; Wilson et al. 2014; Rajan et al. 2015)
support this claim. Peak-to-peak variability amplitudes of <10% have also been detected for T and
Y dwarfs using mid-infrared data from Spitzer (Metchev et al. 2015; Cushing et al. 2016; Leggett
et al. 2016). Leggett et al. (2015) suggest instead that the discrepant near-IR photometry of these
objects may be due to previously “unrecognized differences in photometric systems” between the
instruments at the Gemini Observatories used in Leggett et al. and the various instruments used
by the WISE team.
To further investigate whether instrumental differences could lead to the discrepant photometry
in our sample, we examined the filter transmission curves for the instruments used to observe the
targets in our sample with discrepant photometry. WISE J0005+3737 was observed by the WISE
team using the OSIRIS instrument (DePoy et al. 1993) on the Southern Astrophysical Research
(SOAR) Telescope and the results were presented in Mace et al. (2013a). While the wavelength
coverage of the OSIRIS H -band filter6 is very similar to the wavelength coverage of an MKO
H -band filter, the OSIRIS J -band wavelength coverage is broader than the MKO J bandpass as
defined in Simons & Tokunaga (2002). Mace et al. (2013a) list their OSIRIS photometry under
the MKO heading in their Table 4, but the authors do note that the OSIRIS data is not on the
MKO system. The WISE J0005+3737 photometry presented in Leggett et al. (2015) was observed
with the Near InfraRed Imager (NIRI; Hodapp et al. 2003) on Gemini North. The NIRI filters7
are MKO and therefore we adopt the Leggett et al. (2015) measurements for WISE J0005+3737.
6SOAR/OSIRIS filter curves were obtained from http://www.ctio.noao.edu/instruments/ir_instruments/
osiris2soar/config/index.html
7Gemini/NIRI filter curves were obtained from http://www.gemini.edu/sciops/instruments/niri/imaging/
filters
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With this new photometry, WISE J0005+3737 is no longer classified as a color outlier based on
the M13b criteria. As discussed in Section 4.4 and presented in Appendix A, the Y - and H -band
spectra of WISE J0005+3737 are well matched by the spectral standard.
WISE J1614+1739 was observed by the WISE team using the Spartan Infrared Camera (Spar-
tanIRC; Loh et al. 2012) on the SOAR Telescope and by Leggett et al. (2015) using Gemini/NIRI.
Like the Gemini/NIRI filters, the SpartanIRC/SOAR filters were designed as MKO filters, and the
bandwidths of both the SpartanIRC and NIRI filter sets as listed on each instrument’s website
are nearly identical (see Table 5 in Loh et al. 2012 or the SpartanIRC website at Michigan State
University8 for more information on the SpartanIRC filters). However, both the J - and H -band
photometry differ by ≥ 3σ between the two instruments (∆J = 0.18 ± 0.06 mag; ∆H = 0.84
± 0.22 mag). Either WISE J1614+1739 is variable, or there are other systematics in the data.
Based on the SpartanIRC photometry, WISE J1614 is classified as “red,” but it is classified as
“normal” using the NIRI photometry. Unlike WISE J0005+3737, WISE J1614+1739 does show
enhanced Y -band flux, suggesting low-metallicity/high-gravity, and further follow-up to resolve the
photometric discrepancy would be valuable.
Our sample also includes two targets, not included in Leggett et al. (2015), that have discrepant
MKO photometry in the literature: ULAS J0950+0117 and ULAS J0139+0048. As discussed in
M13b, there are three sets of J - and H -band photometry for ULAS J0950+0117 in the literature.
Mace et al. (2013a) present Palomar/WIRC (Wilson et al. 2003) photometry and also report pho-
tometry from the UKIDSS archive (Lawrence et al. 2007). UKIDSS data were observed using the
Wide Field CAMera (WFCAM) on UKIRT (Casali et al. 2007). Burningham et al. (2013) pre-
sented further UKIRT/WFCAM near-infrared photometry, as part of their follow-up of UKIDSS
brown dwarf candidates. The J -band photometry for all three data sets are consistent within 1σ,
but the H -band photometry ranges from HWIRC = 18.07 ± 0.08 (Mace et al. 2013a) to HWFCAM
= 18.40 ± 0.03 mag (Burningham et al. 2013). Based on the WIRC data, ULAS J0950+0048 is
classified as “red.” Based on both sets of WFCAM data (from the UKIDSS database and as pre-
sented in Burningham et al. 2013), ULAS J0950+0117 is classified as “normal.” The WIRC9 and
WFCAM10 filter sets were both developed to MKO specifications and the filter curves are nearly
identical. Given the unusual nature of ULAS J0950+0117 and the range of H -band photometry,
further photometric follow-up on this object is recommended.
Chiu et al. (2008) reported two sets of MKO J - and H -band measurements for the final object
in our sample with discrepant photometry, ULAS J0139+0048. The first set of J - and H -band
measurements came from the UKIDSS database and the second were observed with the UKIRT
8http://www.pa.msu.edu/~loh/SpartanIRCamera/
9http://www.astro.caltech.edu/palomar/observer/200inchResources/wircspecs.html#filters
10http://www.ukirt.hawaii.edu/instruments/wfcam/user_guide/description.html
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Fast-Track Imager11 (UFTI; Roche et al. 2003). Both the J - and H -band UFTI photometry
disagree at ≥ 2σ with the UKIDSS photometry. The UKIDSS photometry yields a “red” color
designation, while the UFTI photometry yields a “blue” designation. While Chiu et al. (2008) note
the inconsistent photometry, they do not suggest a cause for the discrepancy. A visual inspection of
the UKIDSS data does not reveal any artifacts in the field. We have adopted the UFTI photometry
for this analysis as it has smaller uncertainties. This maintains a “blue” color designation for ULAS
J0139+0048, though the NIRSPEC Y - and H -band spectra of this object are not unusual.
Of the four brown dwarfs in our sample with discrepant photometry in the literature, one object
(WISE J0005+3737) does indeed appear to be discrepant due to significant differences in the filter
transmission curves of the two instruments used to observe the target. This lends further support to
the Leggett et al. (2015) assertion that instrumental differences can impact the photometry of these
late-type T dwarfs and emphasizes the need for consistent photometry of the late-type T dwarf
population on a well-calibrated instrument. However, the three remaining targets with discrepant
photometry were observed with bonafide MKO filters and the differences in filter transmission
between the instruments used is negligible. While it is possible that there are other instrumental
systematics impacting the results, the unusual spectral morphologies of two of the three remaining
dwarfs with discrepant photometry suggests that there may also be physical motivation for the
photometric differences. Photometric monitoring of late-T dwarfs at YJH bands may serve to
separate the impact of atmospherically variability (e.g. clouds) from from morphological changes
due to extreme physical parameters (e.g. [Fe/H], log g).
5.2. Atmospheric Variability: Clouds and Temperature Variations
If we adopt the more recent photometry for three of the four objects with discrepant photometry
in the literature, all three of those objects move into “normal” J −H color space (see Figure 11).
Excluding those three objects, however, leaves ten objects that are classified as outliers based on
the M13b color criteria, nine of which exhibit Y - and H -band spectral morphologies that closely
match their respective spectral standards. If we assume robust photometry for these objects, the
question then becomes, is it possible to induce an unusual J − H color for these objects while
simultaneously maintaining a uniform normalized flux shape?
Morley et al. (2012) examine the impact of sulfide clouds on late-type T dwarfs. Analysis
of the MKO photometry derived from the Morley et al. (2012) models12 shows that, for a fixed
T eff , log g, and metallicity, J−H colors move red-ward with decreasing fsed (increasing clouds). In
peak-normalized Y - and H -band model spectra, this translates to a broadening of the wings of each
11Filter transmission profiles were accessed here:http://www.ukirt.hawaii.edu/instruments/ufti/PARAMETERS.
html#2
12See http://www.ucolick.org/~cmorley/cmorley/Models.html
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Fig. 11.— Same as Figure 1, but with more recently published photometry for three of our four
targets with discrepant photometry (> 2 sigma) in the literature. The red arrows denote the move-
ment of these three objects in color space, with the head of the arrow indicating photometry from
Leggett et al. (2015) or Burningham et al. (2013) and the tail of the arrow indicating photometry
from Kirkpatrick et al. (2011) or Mace et al. (2013a). The photometry from Kirkpatrick et al.
(2011) or Mace et al. (2013a) were used to select the J −H outliers for this sample. All three ob-
jects would be reclassified from “red” to “normal” based on the Leggett et al. or Burningham et al.
photometry. Of these three targets, two have NIRSPEC spectra with enhanced, peak-normalized
Y -band flux in comparison to their spectral standard.
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Fig. 12.— Peak-normalized Y - (left) and H -band (right) Morley et al. (2012) atmospheric model
spectra at T eff = 700 K, log g = 4.5 dex, solar metallicity, and varying fsed. Saumon et al.
(2012) cloudless models are also plotted for comparison. Holding everything else fixed, varying the
sedimentation efficiency from fsed = 5 (i.e. thin clouds) to fsed = 2 (i.e. thick clouds), serves to
broaden the wings of both the Y - and H -band spectra, but does not significantly impact the shape
or breadth of the flux peak itself.
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band, while the peaks remain relatively unchanged (see Figure 12), but the overall impact is small.
Clouds do alter the relative brightness of the YJHK bands at these late-T dwarf temperatures,
however (see, e.g. Figure 5 in Morley et al. 2012). Thus, a change between the relative brightness
of the individual bands would be detectable in flux-calibrated spectra, but we would not see such
a change in this peak-normalized sample.
In Morley et al. (2014), the authors further examine the impact of patchy clouds and hot spots
on the atmospheres of T and Y dwarfs. They find that increased cloud cover again drives the J−H
color of late-T dwarfs red-ward for effective temperatures > 300 K, without significantly changing
the mid-infrared colors or the peak morphology of the individual bands in the 1-2.5 µm spectrum
(see their Figures 1 and 2). Thin global clouds or minimal patchy clouds in these late-T dwarf
spectra lead to bluer colors than thick global clouds or significant patchy cloud cover. Clouds
can account for a spread in J − H color consistent with the spread we see for all but a few of
the reddest J −H outliers in this sample, including Wolf 1130C. If clouds are prevalent in late-T
dwarf atmospheres, then clouds make J −H color an inconsistent selector for metallicity/gravity
variation. However, Line et al. (2015, 2017) do not generally find evidence for thick clouds in their
atmospheric retrieval model fits to a sample of 11 late-T dwarfs.
Temperature fluctuations have also been proposed as a source of variability in brown dwarf
atmospheres (e.g. Showman & Kaspi 2013; Robinson & Marley 2014). Morley et al. (2014) inves-
tigate the impact of hot spots in a cloud-free atmospheric model and find that adding energy at
different levels in the atmosphere (i.e. different pressures) does indeed impact J − H color (see
their Figure 5). However, like the patchy cloud models, the hot spot models do not account for
the reddest J − H outliers in our sample. Spectroscopically, the Morley et al. (2014) hot spot
models show the largest deviation in atmospheric absorption regions and are more prominent in
the mid-infrared where cloud-induced variability is notably smaller. Thus, we would not expect to
see the impact of hot spots in our ground-based, near-infrared spectra.
While Morley et al. (2014) show that variability can drive scatter in J−H color, an object like
Wolf 1130C, which shows broad deviation from the spectral standard in the near-infrared, cannot
be explained by variability alone, making it an unambiguous outlier in metallicity/gravity. Thus,
while variability may explain some of the measured spread in J −H color, variability alone is not
able to account for the near-infrared photometry of the late-T dwarf population.
5.3. Gravity, Metallicity, Clouds, and Brown Dwarf Radii: A Complex,
Interdependent Parameter Space
Atmospheric composition can significantly impact the radius of a brown dwarf. Burrows et al.
(2011) generated cloudy atmospheric models with [Fe/H] = 0.0 dex and 0.5 dex, and cloud-free
models with [Fe/H] = -0.5, 0.0, and +0.5 dex to study the interplay between mass, radius, metal-
licity, clouds, and gravity. They find that, for a given mass, high metallicity and/or thick clouds,
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which increase atmospheric opacity, result in a larger radius (up to ∼10% - 25%) than a lower
metallicity/cloud-free atmosphere. A cloud-induced spread in radii at a given mass and age also
implies a spread in gravity for that mass and age. The impact on the emerging spectral morphology
from differences in radii are thus complex and parameter interdependent. As discussed in Section
5.2, Morley et al. (2012) show that sulfide clouds redden the near-infrared spectrum of late-T dwarfs
at a fixed log g. Increasing log g strengthens the CIA of H2 which serves to make the near-infrared
spectrum bluer (Saumon et al. 2012). However, the precise interplay between clouds, gravity, and
metallicity can be much more complicated, emphasizing the challenge of fully characterizing the
atmospheres of late-type T dwarfs, particularly solitary T dwarfs in the field.
5.4. Looking Forward
Wolf 1130C illustrates the value of Y -band spectroscopy for probing extreme metallicity and
gravity in the late-T dwarf population. However, the overall homogeneity of this sample, and
that of the larger, late-T field population, suggests that the typical metallicity/gravity variation
for late-T dwarfs is much smaller than the extremes exemplified by Wolf 1130C. This is perhaps
unsurprising as this population is predominantly nearby and likely majority thin disk (e.g. see
discussion in Bensby et al. 2003). To isolate the impact of metallicity/gravity on near-infrared,
late-T dwarf spectra from the impact of spectral variability, high S/N spectra and models that are
better calibrated at high- and low-metallicity will be required. In agreement with the literature (e.g.
Burgasser et al. 2006a; Leggett et al. 2007), we find that Y -band spectroscopy is more sensitive to
age-dependent spectral features in late-T dwarfs than H -band spectroscopy. K -band spectroscopy
is also a valuable probe of extreme gravity/metallicity (e.g. Burgasser et al. 2006a; Leggett et al.
2007; Saumon et al. 2012), but the faint nature of the K band implies that high S/N, medium-
resolution, K -band spectra of late-T dwarfs will be easier to obtain with the next generation thirty-
meter class telescopes or JWST. For brighter targets, simultaneous, low- to medium-resolution JHK
spectroscopy from the ground is also a valuable probe of the shape of the K band and is a useful
tool for identifying gravity outliers.
Is J −H color a good predictor of age for late-type T dwarfs? The results from this study are
inconclusive. Models indicate that J−H color could be sensitive to atmospheric variability (Morley
et al. 2012, 2014). Observational variability studies indicate that the impact of variability on near-
infrared photometry is typically < 10% outside of the L/T transition (e.g. Radigan et al. 2014).
Most near-infrared variability studies to date have focused on L/T transition objects and included
only a few mid-to-late T dwarfs, and a dedicated late-T and Y dwarf multiwavelength variability
study is needed. However, the intrinsically faint nature of these objects and the photometric errors
associated with ground-based photometry make ground-based variability studies challenging (e.g.
Koen 2013). Moreover, the spread in J-H color for late-type T dwarfs with more than one set of
J - and H -band photometry in the literature can be larger than the expected change in magnitude
driven by physical variability, emphasizing the need for consistent photometry to accurately make
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a definitive statement on the value of J −H color as a probe of metallicity, gravity, clouds, and/or
nonequilibrium chemistry.
6. Summary
In this work, we test the hypothesis set forth in Mace et al. (2013b) that T dwarfs with unusual
J−H colors may show evidence of extreme age compared to the typical field population. To do so,
we used Keck/NIRSPEC Y - and H -band spectroscopy to look for spectroscopic tracers of age such
as nonsolar metallicity or extreme gravity by comparison to spectral standards and four publicly
available atmospheric model grids. The overall sample is surprisingly homogeneous, though four
objects stand out as spectroscopic outliers HIP 73786B, ULAS J0950+0117, CFBDS J0301-1614,
and WISE J1614+1739.
HIP 73786B (T6p) and ULAS J0950+0117 (T8p) are previously known companions to stars
with measured, subsolar metallicity. HIP 73786B was included in the study as a counter-example
to the Mace et al. (2013b) hypothesis, with a “normal” J-H color. Burningham et al. (2014)
presented a low-resolution (R∼120) spectrum of HIP 73786B, which exhibited enhanced Y -band
flux and a suppressed K band. Our NIRPSEC Y band of HIP 73786B is best matched by the
Y -band spectrum of the likely metal-poor/high-gravity dwarf, 2MASS J0937+2931, supporting
the Burningham et al. (2014) result and consistent with the known low-metallicity nature of the
primary. ULAS J0950+0117 was selected as a potentially low-metallicity/high-gravity follow-up
object based on its red J-H color. We find that the blue wing of the NIRSPEC Y -band spectrum
of ULAS J0950+0117 is slightly enhanced compared to the T8 spectral standard, consistent with
the slightly enhanced Y band in the low-S/N Magellan/FIRE spectrum presented in Mace et al.
(2013a). These two enhanced Y -band observations support the low metallicity inferred from the
primary. However, additional H -band photometry in the literature classifies ULAS J0950+0117 as
normal based on our color criteria. Both HIP 73786B and ULAS J0950+0117 have H -band spectra
consistent with spectral standards, indicating that neither object has as extreme of a composition
as Wolf 1130C. The other two stand-out objects in the sample are not known companions. CFBDS
J0301-1614 was chosen for follow-up based on its blue J-H color and has been previously identified
as unusual and potentially young based on model comparisons to its near-IR photometry and
the suggestion of an enhanced H -band spectrum (Albert et al. 2011). We present a new Y -
band spectrum of CFBDs J0301-1614, which has a suppressed blue-wing flux compared to the
spectral standard, consistent with high metallicity/low gravity. We also present a NIRSPEC H -
band spectrum that is slightly underluminous compared to the T7 standard, consistent with the
H -band spectrum in Albert et al. (2011) and potentially indicative of low gravity. The final object,
WISE J1614+1739, is identified as spectroscopically unusual for the first time in this work. Like
ULAS J0950+0117, discrepant photometry in the literature either classifies WISE J1614+1739 as
“red” or “normal.” The new Y -band spectrum of WISE J1614+1739 presented here shows an
enhanced blue wing compared to the peak-normalized spectral standard and suggests that this
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object may be low metallicity/high gravity. While this work does not reveal an unambiguous trend
between J-H color and spectral tracers of age, HIP 73786B, ULAS J0950+0117, CFBDS J0301-
1614, and WISE J1614+1739 all show evidence of unusual metallicity/gravity. Further follow-up
of all four targets will be valuable as we begin to statistically probe the extremes of gravity and
metallicity in the late-T dwarf population.
Model comparisons illustrate that the current, publicly available atmospheric models are het-
erogeneous in the 1.05 µm region of the Y band and in the 1.65 µm CH4 absorption. Updated
models with increased metallicity range, improved molecular line lists– particularly of CH4– and
updated treatment of alkali line broadening, will ultimately be required to map the full parameter
space probed by the late-T dwarf population. Also, discrepant photometry in the literature em-
phasizes the need for a near-infrared photometric survey carried out on a single, well-characterized
instrument. Furthermore, time-series photometry will help disentangle the impact of variability
from the impact of physical properties such as gravity and/or metallicity on the late-T dwarf
population.
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is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract
with the National Aeronautics and Space Administration, and (5) the SIMBAD database, developed
and operated at CDS, Strasbourg, France.
Facility: Keck:II(NIRSPEC)
– 41 –
A. Target Spectra versus Spectral Standards for the Objects in Section 4.4
Here we present the Y - and H -band spectra of the targets described in Section 4.4 that do
not show spectral signatures of extreme gravity and/or metallicity. Each target is compared to
the spectral standard of that type or of the two nearest spectral standards if the target has a half
spectral type classification. The spectra are organized by spectral type and colored by J −H color
as described in Section 3. Target − standard residual plots are also provided, with the residual
plots binned down for clarity.
Fig. 13.— CFBDS J0922+1527 (T7)
– 42 –
Fig. 14.— ULAS J0139+0048 (T7.5)
– 43 –
Fig. 15.— Y -band spectrum of WISE J0759-4904 (T8; top) and H -band spectrum of ULAS
J1017+0118 (T8p).
– 44 –
Fig. 16.— WISE J1617+1807 (T8; top) and WISE J0540+4832 (T8.5)
– 45 –
Fig. 17.— WISE J1812+2721 (T8.5; top) and ULAS 2146-0010 (Wolf 940B; T8.5)
– 46 –
Fig. 18.— WISE J0005+3737 (T9)
– 47 –
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